Intracellular bacteria use a variety of strategies to evade degradation and create a replicative niche. Legionella pneumophila is an intravacuolar pathogen that establishes a replicative niche through the secretion of more than 300 effector proteins. The function of most effectors remains to be determined. Toxicity in yeast has been used to identify functional domains and elucidate the biochemical function of effectors. A library of L. pneumophila effectors was screened using an expression plasmid that produces low levels of each protein. This screen identified the effector SdeA as a protein that confers a strong toxic phenotype that inhibits yeast replication. The toxicity of SdeA was suppressed in cells producing the effector SidJ. The effector SdeA is a member of the SidE family of L. pneumophila effector proteins. All SidE orthologs encoded by the Philadelphia isolate of Legionella pneumophila were toxic to yeast, and SidJ suppressed the toxicity of each. We identified a conserved central region in the SidE proteins that was sufficient to mediate yeast toxicity. Surprisingly, SidJ did not suppress toxicity when this central region was produced in yeast. We determined that the amino-terminal region of SidE was essential for SidJ-mediated suppression of toxicity. Thus, there is a genetic interaction that links the activity of SidJ and the amino-terminal region of SidE, which is required to modulate the toxic activity displayed by the central region of the SidE protein. This suggests a complex mechanism by which the L. pneumophila effector SidJ modulates the function of the SidE proteins after translocation into host cells.
L
egionella pneumophila is a Gram-negative, facultative intravacuolar pathogen that is the causative agent of Legionnaires' disease in humans (1) (2) (3) . L. pneumophila is phagocytosed by host cells and creates a vacuole that supports replication by inhibiting the fusion of host endocytic vesicles and subverting the transport of secretory vesicles (4-7). The bacterially encoded Dot/Icm type IV secretion system (T4SS) is essential for the creation of this Legionella-containing vacuole (LCV) (8, 9) . Proteins secreted by the T4SS, known as effectors, have been shown to both decorate the LCV and modify the location and function of host proteins, especially Rab GTPases (8, 10, 11) . Determining the function of these effector proteins has been complicated by the observation that deletion of a single effector or groups of effectors does not typically result in a strong replication defect within host cells (12) (13) (14) .
The use of the yeast Saccharomyces cerevisiae as a system to study L. pneumophila effector proteins has been successful in previous studies (15) (16) (17) (18) (19) . Examples include studies on the effector protein RalF, which was shown to inhibit yeast replication when overproduced, and the effector proteins YlfA and YlfB were both identified in an early yeast toxicity screen (16) . Effector toxicity in yeast has also been used to study effector activities. The L. pneumophila effector AnkX is capable of transferring phosphocholine onto Rab1 family members (20) , and this activity results in yeast toxicity due to phosphocholination of the Rab1 homolog Ypt1 (21) . The effector Lem3 was identified because it has the ability to inhibit AnkX toxicity in yeast, which is because Lem3 has an activity that promotes dephosphocholination of Rab1 family members (21) . Thus, yeast is an effective model organism that can be used for both the identification and the elucidation of effector function.
Several recent studies have increased the number of identified T4SS effectors to more than 300 (22) (23) (24) (25) (26) (27) (28) . We created a plasmid library containing the majority of effector proteins expressed from a constitutive low-expression vector. Using this library, we have identified SidE family members as being toxic to yeast and have found that the SidJ protein is capable of counteracting this toxicity. Thus, the SidE and SidJ proteins are predicted to work in concert to regulate host processes during infection by L. pneumophila. These data are consistent with a recent study that showed a functional interaction between SdeA and SidJ in yeast and on the LCV (29) . In addition, we show here that SdeA contains distinct toxicity and SidJ suppression regions. The ability of SidJ to counteract SidE family member toxicity and the presence of specific regions for each of these activities suggest that these proteins functionally interact during infection.
MATERIALS AND METHODS
Strains and plasmid construction. Effector genes were amplified from Legionella pneumophila serogroup 1 strain Lp01 (30) genomic DNA by PCR and recombined into the Gateway recombination system (Life Technologies) donor vector pDONR223 (31) . Correct effector gene recombination was confirmed by sequencing (Keck Sequencing, Yale University). Effector genes were then recombined into Saccharomyces cerevisiae expression vector pDEST22 or pDEST32 (Life Technologies). Truncated effectors were constructed by PCR using primers designed to amplify the desired region of the gene from the sequenced pDONR223 plasmid. Products were then recombined into pDONR223, sequenced, and inserted into pDEST32 as described above. During plasmid construction, products of recombination reactions were transformed into Escherichia coli strain Top10 by calcium chloride transformation. Saccharomyces strains MATa Y8800 and MAT␣ Y8930 (leu2-3,112 trp1-901 his3⌬200 ura3-52 gal4⌬  gal80⌬ GAL2-ADE2 LYS2::GAL1-HIS3 met2::GAL7-lacZ cyh2 R ) (32) were transformed individually with pDEST22 and pDEST32 plasmids as described below. Effector overexpression experiments utilized the glucosegalactose-inducible plasmid pGML10 (33) . Effectors were amplified from sequenced pDONR223 plasmids by PCR using primers that contained 5= BamHI and 3= SalI restriction sites. PCR products and pGML10 were then digested with BamHI and SalI and digestion products were ligated with T4 ligase (NEB). Products of ligation reactions were subsequently transformed into Top10 cells, confirmed by sequencing, and then transformed into yeast strain BY4742.
Media. L. pneumophila strains were grown on charcoal yeast extract plates [1% yeast extract, 1% N-(2-acetamido)-2-aminoethanesulfonic acid (ACES; pH 6.9), 3.3 mM L-cysteine, 0.33 mM Fe(NO 3 ) 3 , 1.5% Bacto agar, 0.2% activated charcoal] at 37°C. Wild-type Saccharomyces was grown on YPAD medium (1% yeast extract, 2% Bacto peptone, 100 mg/ liter adenine hemisulfate, 2% Bacto agar, and 2% glucose) at 30°C. Saccharomyces transformed with pDEST22 or pDEST32 was grown at 30°C on synthetic complete (SC) medium (0.06% ϪAde, ϪHis, ϪLeu, ϪTrp dropout mix [Clontech], 0.67% yeast nitrogen base, 2% Bacto agar, and 2% glucose) supplemented with 0.08 mg/ml adenine, 0.8 mM histidine, 0.8 mM leucine, or 0.32 mM tryptophan as appropriate for growth. Experiments testing effector overexpression were plated on SC medium with 2% galactose and 1% raffinose as a carbon source in place of glucose. Escherichia coli strain Top10 was cultivated in Luria-Bertani medium with antibiotics when necessary at the following concentrations: ampicillin, 100 g/ml; spectinomycin, 100 g/ml; and gentamicin, 10 g/ml. Liquid cultures were grown in broth medium of the same composition as described above but lacking agar.
Saccharomyces transformation. Saccharomyces samples were transformed with plasmids by the lithium acetate/single-stranded carrier DNA/polyethylene glycol method (34) . Overnight cultures of a strain grown in YPAD or SC liquid medium were pelleted and then resuspended in a T-mix solution (300 mM lithium acetate and 0.8 mg of boiled sonicated salmon sperm DNA/ml). Next, 5 to 10 l of plasmid was added to resuspended cells for a total transformation volume of 50 l. Transformations were incubated at 42°C for 1 h and 30 min. Cells were pelleted, and the transformation mix was aspirated. Cells were resuspended in 50 l of distilled H 2 O. Then, 5 to 10 l of resuspended cells was plated on the appropriate selective medium. Plates were incubated at 30°C for 2 to 4 days.
RESULTS
L. pneumophila effector toxicity in yeast. During the construction of a yeast two-hybrid library of effector proteins, we transformed 300 individually cloned effector proteins encoded by gateway vectors pDEST22 and pDEST32 (Life Technologies) ( Fig. 1 and Table 1 ) (35) . Effectors were amino-terminally tagged with the DNA binding or activation domain of Gal4 and were constitutively expressed from the P ADH1 promoter. Effector expression, although not measured, should be considerably lower than when overexpressed from a glucose-galactose expression system. Effector transformation yielded a variety of phenotypes, from no change in viability to lethality (Fig. 1) . The observation of effector toxicity at low levels of expression indicated that some L. pneumophila effectors possessed a much stronger toxic phenotype in yeast than previously appreciated. L. pneumophila effectors YlfA (lpg2298) and YlfB (lpg1884) (Fig. 1 , labeled "$" and "#", respectively) were previously identified by Campodonico et al. (16) as toxic when overexpressed in yeast; however, when the Ylf proteins were expressed at low levels they did not display a pronounced Table 1 . Of specific note, spotted transformation marked with a "$" represents cells transformed with ylfA (lpg2298), transformation marked with a "#" represents cells transformed with ylfB (lpg1884), transformation marked with a "&" represents cells transformed with ankX (lpg0695), transformation marked with a "*" represents cells transformed with sidE (lpg0234), and transformation marked with a "@" represents cells transformed with sdeA (lpg2157).
toxic phenotype compared to the effector proteins SidE (lpg0234) and SdeA (lpg2157) (Fig. 1 , labeled "*" and "@", respectively). Importantly, effectors previously identified as being toxic when produced at high levels in yeast, such as AnkX (lpg0695) (Fig. 1 , labeled "&"), also conferred a growth defect when produced in yeast by these pDEST vectors, indicating that this transformation approach had the capacity to identify toxic effectors (21) . In an attempt to verify that apparent differences in yeast viability were the result of effector transformation, as opposed to plasmid transformation efficiency, several rounds of transformations of putatively toxic effectors were attempted using different concentrations of plasmid DNA encoding the effectors (data not shown). From this screen we identified two effectors that were highly toxic to yeast, which were the effectors Ceg6 (lpg0208) and SdeA (lpg2157).
Suppression of effector toxicity. We next screened for effectors that were capable of suppressing the toxic activity displayed by Ceg6 and SdeA. As a control, we found that yeast toxicity mediated by AnkX was suppressed by Lem3 (data not shown), which was predicted based on previous studies (21, (36) (37) (38) . Yeast strains producing individual effectors were pooled, and a plasmid encoding Ceg6 or SdeA was transformed into the yeast pool. The prediction was that colonies would only be produced by yeasts producing an effector capable of counteracting the toxic activity of Ceg6 or SdeA. Candidate suppressors were identified using this approach ( Fig. 2A) . Sequencing of the effectors encoded by the surviving yeast identified the following candidates capable of suppressing SdeA or Ceg6 function: for toxic effector Ceg6 (lpg0208) we identified the suppressing effectors RavO (lpg1129) and MavM (lpg2577), and for toxic effector SdeA (lpg2157) we identified the suppressing effector SidJ (lpg2155). Candidates were screened by directly transforming Ceg6 or SdeA into yeast containing a plasmid encoding the effector predicted to function as a suppressor; yeast encoding Rab1A was used as a negative control (Fig. 2B ). This analysis identified SidJ (lpg2155) as an effector capable of suppressing SdeA toxicity. All other candidates failed to show suppression when directly challenged with the toxic effector. The genes sidJ and sdeA are carried together on a 20-kb stretch of DNA on the L. pneumophila chromosome that also carried two other SidE family members: sdeB and sdeC (29, 39) . The previously identified examples of effectors capable of suppressing the toxicity of other effectors have revealed genetic linkage, which provides further support for the hypothesis that SidJ may regulate the toxic activity displayed by SdeA.
As previously mentioned, SdeA is a member of a protein family that shares homology to the L. pneumophila effector SidE (lpg0234) (39) . Given the high degree of sequence homology between all of the orthologs in the SidE family of proteins, we investigated whether the other members of the SidE family were toxic to yeast. The effectors SidE, SdeB, and SdeC each showed a similar level of toxicity when expressed in yeast (Fig. 3A) . The effector SidJ was able to suppress the toxicity of each SidE family member (Fig.  3B ), which indicates a conserved mechanism of both SidE-mediated toxicity and SidJ-mediated suppression. The effector SidJ was unable to inhibit toxicity conferred by Ceg6 or DrrA ( Fig. 2B and  3B ), which suggests that the ability of SidJ to interfere with the toxicity of L. pneumophila effectors is specific for the SidE family of proteins.
To determine whether the levels of SdeA and SidJ were important for the observed toxicity and suppression, we used a glucosegalactose-inducible yeast expression system encoded by the plasmid pGML10 (33) . Plasmids containing either effector could be successfully transformed if the yeast were plated on medium that repressed effector expression; however, when the resulting colonies of yeast were incubated in medium that induced effector expression, there was no growth detected for yeast producing SdeA alone or for yeast producing SidJ alone (Fig. 4) . This suggests that SdeA and SidJ are both toxic to yeast when produced at high levels. This observed toxicity and suppression are consistent with recently published data showing a similar relationship between SdeA and SidJ (29) .
A conserved central region in SidE proteins confers toxicity to yeast. All of the members of the SidE family of proteins are large, greater than 1,400 amino acids, making it difficult to determine potential function. Deletion analysis was used to identify a minimal region in SdeA that was sufficient for yeast toxicity (Fig.  5A ). This analysis revealed that deletion of the 300 amino-terminal residues and/or deletion of 300 carboxyl-terminal residues of
FIG 2 Effector-based suppression of SdeA and Ceg6 toxicity. (A) Yeast cells
were individually transformed with each member of the L. pneumophila effector repertoire expressed from the pDEST22 plasmid and grown on selective media (data not shown). Each individually transformed cell was grown in liquid culture selecting for pDEST22 plasmid and then pooled. Pools were then transformed with either pDEST32-lpg0208(ceg6) or pDEST32-lpg2157(sdeA). Transformations were plated on SC ϪLeu, ϪTrp medium, which selects for both plasmids, and incubated at 30°C. (B) Effectors identified as suppressing Ceg6 or SdeA toxicity through the pooled assay by sequencing were individually transformed into yeast; Rab1A was used as a negative control. Transformed bacteria then underwent a second transformation with Ceg6 or SdeA and were plated on SC ϪLeu, ϪTrp medium, which selects for both plasmids. Transformations were incubated at 30°C.
FIG 3 SidJ suppression of SidE family toxicity. (A)
The indicated effectors were transformed into yeast and expressed from plasmid pDEST32. Transformations were grown on SC ϪLeu plates at 30°C. (B) SidJ, encoded from pDEST22, was transformed into wild-type yeast, and transformants were selected on SC ϪTrp (data not shown). These transformants were then transformed with the indicated effectors encoded from the pDEST32 plasmid. Transformants were plated on SC ϪLeu, ϪTrp medium selecting for both plasmids, and incubated at 30°C.
FIG 4
Overexpression of SdeA and SidJ. Saccharomyces strains were transformed with sdeA and sidJ expressed from a glucose-galactose-inducible expression system on pGML10. Transformed cells were plated on medium that repressed protein expression, i.e., SC ϪLeu with 2% glucose. Single colonies were then streaked onto repressing (glucose) and induction (galactose ϩ raffinose) media. Plates were incubated at 30°C.
SdeA did not affect yeast toxicity. Smaller deletions of 50 amino acids were then used to further delineate a minimal region in SdeA that conferred yeast toxicity (Fig. 5B and C) . This analysis revealed that a central region between amino acids 551 and 1100 in SdeA was both necessary and sufficient for yeast toxicity. Pairwise protein sequence alignment of the minimal toxicity region of SdeA with other SidE homologs revealed a Ͼ60% homology within this region (data not shown), which is consistent with data suggesting that there is a conserved mechanism by which SidE proteins cause yeast toxicity.
The amino-terminal region of SidE is required for SidJ-mediated suppression of yeast toxicity. We next examined the ability of SidJ to suppress yeast toxicity mediated by the conserved central region of SdeA. Unexpectedly, SidJ was unable to suppress yeast toxicity mediated by the SdeA 551Ϫ1100 protein (Fig. 5D) . The panel of SdeA deletion mutants was used to identify the region of SdeA that was necessary for SidJ-mediated suppression of toxicity. These data show that SdeA deletions lacking the amino-terminal 300 amino acids were toxic to yeast and that this toxicity was not suppressed by SidJ (Fig. 5D) . In contrast, deletion of the carboxylterminal 300 amino acids in SdeA had no effect on suppression of yeast toxicity by SidJ. Further deletions of SdeA from the amino terminus that were toxic in yeast could also not be suppressed by SidJ (Fig. 5D ). This result mitigates the possibility that the observed inability of SidJ to counteract SdeA toxicity is an artifact of the deletion construct and indicates that there is a genetic interaction between SidJ and the amino-terminal region of SdeA that regulates the toxic activity displayed by SdeA. Because the sdeA gene encodes a very large protein that is produced at low levels in yeast, it was difficult to detect steady-state levels of the SdeA protein by immunoblot analysis. However, the ability of SidJ to suppress the toxicity of all SdeA truncation derivatives except those Transformations were plated on SC ϪLeu, ϪTrp medium, which selects for both plasmids, followed by incubation at 30°C. aa, amino acids.
that have deletions in the amino-terminal region suggests that a genetic interaction between SidJ and the amino-terminal region of SdeA is required for the suppression of toxicity. Multiple sequence alignment of the amino terminus of SdeA with SidE family members in L. pneumophila confirms that this region is highly conserved in all of the SidE proteins (Fig. 6) , which would be consistent with this region being important for the genetic interaction that leads to SidJ-mediated suppression of toxicity mediated by SidE proteins. Deletion proteins that consisted of 200-amino-acid truncations from either the amino or the carboxyl terminus of SidJ resulted in proteins that failed to suppress SdeA toxicity (data not shown), which suggests that there is not a minimal domain in SidJ that is sufficient for suppressing toxicity mediated by SidE proteins. From these data we conclude that SidJ is an effector that modulates a toxic activity encoded by a central region in all SidE family members and that SidJ-mediated control of SidE function requires an amino-terminal region in the SidE proteins.
DISCUSSION
Legionella pneumophila has served as an excellent model system for studying the mechanism by which T4SS effectors manipulate mammalian host cells. L. pneumophila secretes ϳ300 effector proteins into the host cytosol via a T4SS that it uses to manipulate the process of vacuole maturation (8, 25) . The identification of effector proteins that have important intracellular functions has been challenging because elimination of a single effector, or even large clusters of effectors, does not typically interfere with the ability of L. pneumophila to replicate intracellularly (13, 14) . In the present study, we used screened effectors for toxic activities in yeast, an approach which has previously been shown to be an effective method for identifying effector functions that target eukaryotic pathways (15) (16) (17) (18) (19) . Effectors were found to have a variety of effects on yeast viability, from no effect to lethality (Fig. 1) . We selected effectors SdeA and Ceg6, which showed the most reproducible defects in yeast replication, for further study. Ceg6 was previously identified as an L. pneumophila gene containing an upstream PmrA binding site and was designated as being coregulated with effector-encoding genes (ceg) (40) . Ceg6 was also predicted to have a serine/threonine kinase domain or motif, although no work has been done to further characterize the function of this effector. SdeA was originally identified as a SidE paralog and was subsequently shown to be translocated into the host cell by a Dot/ Icm-dependent mechanism that requires the protein IcmS (27, 39) . Deletion of SidE and its three paralogs-SdeA, SdeB, and SdeC-has been shown to have a modest effect on L. pneumophila intracellular replication, which could be complemented by expression of SdeA (39) . Thus, modulation of cellular functions by SidE proteins is likely important for transport and replication of L. pneumophila inside host cells.
The effector repertoire of L. pneumophila was screened for effectors that could suppress toxicity mediated by SdeA and Ceg6. The effector SidJ was capable of specifically counteracting the toxicity of SdeA and the other members of the SidE family of effector proteins ( Fig. 2 and 3) . The ability of infectious bacteria to regulate the function of their effectors with other effectors has been previously established in L. pneumophila, as well as in the type III secretion system in Salmonella (41) (42) (43) (44) . In L. pneumophila, effector functions displayed by DrrA (SidM) have been shown to be modulated by multiple other effectors (10) . The Rab1 guanine nucleotide exchange factor (GEF) activity displayed by DrrA can be counteracted by the Rab1 GTPase activating protein activity displayed by the effector LepB (42) (43) (44) . DrrA also has a domain that adenosine monophosphorylates (AMPylates) Rab1, which is reversed by the de-AMPylation activity of the effector SidD (20, 21, 37, 45) . Another example of effectors regulating the activity of other effectors in L. pneumophila involves the phosphocholinase/ decholinase activity of AnkX and Lem3, respectively (20, 21, 38) . What is important about these examples is that the effectors with opposing activities can be linked genetically, but the effectors themselves do not interact physically with each other. This is not the case for the first classic example of an L. pneumophila effector modulating the activity of another effector, which is the targeting of the effector SidH by the ubiquitin-ligase activity of the effector LubX to promote the proteasomal degradation of SidH inside the host cell (46) . Importantly, the genes encoding most effectors that interact with each other functionally are closely linked on the L. pneumophila chromosome. Indeed, the observation that SidJ is encoded at a genetic locus that includes the genes encoding SdeA, SdeB, and SdeC (47) is consistent with data indicating that SidJ is an effector that modulates the activity the SidE proteins after translocation into host cells.
Consistent with our data, a recent study identified SidJ as an effector capable of regulating the SidE family of proteins (29) . Similar to our data, it has been shown that SidJ suppresses the toxicity of SdeA in yeast and that overexpression of either SidJ or SdeA singularly was toxic to yeast. It was also shown that SidJ will suppress SidE-mediated toxicity in mammalian HEK293 cells and that sidJ mutants display an intracellular replication defect in mammalian cells (29, 39) . A previous study showed that a mutant of L. pneumophila having the genes encoding all of the SidE proteins and the gene encoding the SidJ protein deleted displayed an intracellular replication defect, which was complemented by production of SdeA alone on a plasmid (39) . Intriguingly, recent data showed that overproduction of SdeA in a mutant with a single deletion in sidJ resulted in a more significant growth defect compared to the parental sidJ mutant (29) . Thus, it appears that delivery of SdeA alone into the host cell is sufficient to promote intracellular replication when the SidJ protein is absent. In contrast, delivering large amounts of SdeA protein in combination with the other SidE family members into host cells in the absence of SidJ exacerbates the intracellular replication defect of a sidJ mutant. This would be consistent with a role for SidJ in modulating the function of SidE family members inside the host cytosol because the requirement for SidJ for efficient intracellular replication becomes more pronounced as the amount of SidE proteins delivered into cells increases.
Although the mechanism by which SidJ suppresses SdeA function remains unclear, recent data indicate that SidE proteins are localized on or near the membrane of the LCV, and that SidJ either directly or indirectly promotes release of SidE proteins from the LCV environment (29) . Here, we identified regions in the SdeA protein required for toxicity in yeast and for SidJ-mediated suppression of toxicity (Fig. 5) . Deletion analysis showed that the central region of SdeA is sufficient for robust toxicity when transformed into yeast. Importantly, toxicity mediated by the central region of SdeA was not suppressed by SidJ. However, SidJ did suppress toxicity to SdeA proteins that contained the amino-terminal region, indicating that the amino-terminal region of SdeA receives SidJ-mediated signals that control toxicity (Fig. 7) .
The mechanism by which SidJ can interfere with SdeA toxicity through the amino-terminal region is not clear. We did not detect a direct interaction between SidJ and SdeA using yeast two-hybrid analysis and coimmunoprecipitation approaches, which was consistent with previous data (29) . Two conserved aspartic acid residues in SidJ were shown to be necessary for function, and it was suggested that SidJ may have enzymatic activity. Based on these studies, one possibility is that SidJ regulates a conformational or posttranslational modification to the amino-terminal region of SdeA and that this results in autoinhibition of the toxicity region. Further support for this hypothesis comes from the observation that SidJ stimulates release of SidE proteins from the LCV (29), which could result from a modification to the amino-terminal region of SidE. Several L. pneumophila effectors have been found to have enzymatic activities that are regulated through autoinhibition. The GEF activity of RalF is autoinhibited by a C-terminal domain that functions as a cap that senses host membranes (48) (49) (50) , and VipD is a phospholipase that is autoinhibited by an amino-terminal domain that binds to the host protein Rab5 (51) (52) (53) . Thus, future studies on the mechanism by which SidJ regulates SidE function could reveal additional strategies by which the activities of L. pneumophila effectors are controlled spatially and temporally during infection.
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